Abstract. Risk analysis is a vital step in the succession of construction projects. However, no adequate researches have been conducted to assess, and quantify risk events in real estate projects in developing countries, and particularly in Egypt.This research recommends Fuzzy Quantitative Risk Assessment Model to quantify risk factors participated in real estate development projects. Model is composed of two components: 1) Fuzzy Fault Tree (FT) that determines root causes of each risk, probability of its occurrence, and probability of mitigation strategies failure; and 2) Fuzzy Event Tree (ET) that calculates crisp value of Expected Monetary Value (EMV) of allowance of mitigation of the identified risks. Causes of risk are determined through literature review and interviews with experts in field. Risk probability occurrence is determined using five linguistic terms, defined either triangular or trapezoidal membership functions which are developed using modified horizontal approach and an interpolation technique. Two-step Delphi technique is used to achieve consensus on the root causes and logical representation of the Fault Tree. Fuzzy importance analysis is performed to rank different root causes for identified risks according to their criticality to probability of occurrence. A Case Study is presented to evaluate results obtained from model, in terms of Expected Monetary Value (EMV), and fuzzy probability of failure for each risk participated in case study.
Introduction
Risk management can be described as an essential process in establishment of real estate construction projects, which may have an impact on construction industry as a whole. Real estate industry plays a crucial role in raising national income and solving social problems in both developed and developing countries. In 2011, it contributed with almost 5% to US Gross Domestic Product (GDP). This figure is less the peak of 2006, which is 8.9% of the GDP (Approximately $1.195 trillion). Real estate construction industry is labour intensive. As such, any decline in residential construction contributes to recession's high unemployment rate (Amadeo, 2012) . Moreover, it plays an essential role in flourishing economies of developing countries. In a developing country like Egypt, the real estate construction industry contributes to the Egyptian Government Budget with 2.83 percent from the Egyptian national income (Alexandria Bank Economic Research, 2012) . Moreover, real estate projects differ from other types of construction projects because they are considered the riskiest construction project since they require from developer to pay large amount of capital in the form of purchasing land. Also, they are considered as long-term investment project. The owner profit will be achieved at the end of the projects when units are sold. Therefore, real estate projects are characterized as negative cash flow project because of owner continuous payment. Due to high levels of risk and uncertainty associated with the Real Estate Construction Industry, project teams in real estate projects need to assess risk events encountered in their projects in order to eliminate vagueness, imprecision, and unavailable data and information. Moreover, when risk events are expected, project team members compute the price of real estate projects at different scenarios. This can be done using the expected monetary value (EMV) which provides project teams with a method to calculate the cost of the project if one risk event or many risk events occur. Also, due to current political and economic hard situations facing these projects after Egyptian Revolution in 2011 affected real estate construction industry immensely. Thus, due to in existence of adequate risk analysis in real estate construction projects in Egypt, economic difficulties that encountered in real estate development projects after 2011 revolution, and the instability in markets prices due to increase in the cost of purchasing equipment, materials, and continuous devaluation of local currency against foreign currency, the real estate project teams want to evaluate risks in projects to produce a prioritized list of risks, which help them addressing vagueness and imprecision that they are currently facing. The assessment methodology can be changed and applied to different types of construction projects by changing risk events, and expert judgment. PMI (2008) defined project risk management cycle as "the cycle of identifying, qualifying, quantifying, and planning response risks. " Different researches have tackled qualitative risk assessment. KarimiAzari, Mousavi, Mousavi, and Hosseini (2011) have analysed risk models using matrix method to select construction projects. Moreover, Foong and Nordin (2010) used Risk Assessment Matrix to assist engineers in reducing safety, environmental, and economic impacts of risk hazards. Also, Markowski and Mannan (2008) studied Fuzzy Risk Matrix. The research described a methodology for development of fuzzy matrix to decrease the number of accidents using different scenarios. Another study, was performed by Robert (2004) that described a 3-dimensional approach to qualify risks, where first axis represents possibility of occurrence of risk, second axis represents possibility of consequence, and third axis represents level of consequence. On the opposite side, in literature, different methods have been applied to quantify risks events. Kangari and Riggs (1989) organized methods into two main groups: the first is classical models (Probability models); and the second is subjective models, such as fuzzy set method. Quantitative analysis for risk management problem contains determining certain available failure of the system, and consequence to decrease failure probabilities of system components and loses, respectively (Kangari & Riggs, 1989) . Selecting optional decision alternatives is developed to reduce risk events or expected loss (Al-Bahar & Crandall, 1990) . Several techniques have been adopted to perform quantitative analysis including; decision trees, neural networks, Monte Carlo Simulation, and fuzzy logic. Levner, Ganoulis, Linlov, and Benayahu (2007) studied multi objective assessment of risks for artificial marine system using fuzzy decision trees estimation. However, it is should be mentioned here that decision trees are incapable of computing accurate probability values unless historical data exist, which is not available in our case at hand. Further, they neither provide a methodology for detecting critical risk events nor define a clear sequence for root causes identification associated with risk events. Maria-Sanchez (2005) quantified risk events in terms of costs in construction projects using neural networks. The most common risks in infrastructure projects were identified and analysed to evaluate risk impacts to contractor's profit. Al-Sobiei, Arditi, and Polat (2005) designed a model to predict contractors' default risks in Saudi Arabia using artificial neural network (ANN) and genetic algorithm techniques. Angelini, Giacomo, and Roli (2008) studied credit risk evaluation using neural network approach. In spite of fact that neural networks need historical data, neural network lack ability to explain logic behind how model is applied to produce outputs. Further, neural networks lack ability to include mitigation strategies in risk assessment. On the other hand, Monte Carlo Simulation was either integrated with fuzzy logic to study risk assessment in construction (Sadeghi, Fayek, & Pedrycz, 2010) or used to compute the consequence of a cash flow hazards on project success (Javid & Seneviratne, 2000) . Nevertheless, Monte Carlo Simulation lacks the ability to identify causes of risk events. Also, the results obtained from Monte Carlo Simulation are wide in range.
Literature review
Fuzzy logic had been first recommended by Zadeh (1965 (Yiu, Cheung, & Lok, 2015) , prediction of oil and gas pipeline failure probability (Yuhua & Datao, 2005) , reliability analysis of solar array (Wu, Yan, & Xie, 2011) , and recognition of nuclear power plant systems failure (Abdelhai, 1993) . Tyagi, Pandey, and Kumar (2011) studied fuzzy FT analysis for fault diagnosis in power transformer using beta distribution. Abdelgawad and Fayek (2011) examined quantitative risk events using fuzzy fault tree analysis. They used subjective terms to analyse risks probability of occurrence. Their proposed approach offers the risk coordinators the ability to rank events according to probability of risk event. Song, Zhang, and Chan (2009) 
Research methodology
The methodology of developing the fuzzy quantitative risk analysis model is depicted in Figure 1 . These stages are described in later sub-sections.
Data collection
Collect root Establish linguistic terms to assess probability
Conduct qualitative risk analysis using fault tree Develop Boolean matrix Develop working Boolean matrix Conduct analysis
Conduct quantitative risk analysis using fault tree Represent each linguistic term using α-cuts Represent the top event fuzzy probability using minimum cut set Conduct fuzzy arithmetic operations Defuzzify the top event using the mean of maximum Conduct fuzzy importance analysis
Conduct fuzzy fault tree analysis using mitigation strategy Compute fuzzy probability of mitigation strategies Conduct fuzzy importance analysis to select the most suitable mitigation strategy 
Data collection
This stage is divided into two steps; collect root causes for each critical risk event existed in Real Estate Development Projects, and establish linguistic terms of these critical risk events. Collect root causes step is concerned with defining the root causes for each critical risk event and mitigation strategies failure using various techniques, such as interviews, Delphi, brain storming and check list. In this model, literature review and interviews with fifteen experts in real estate development projects were conducted using indirect method. The two-step Delphi technique was used to achieve consensus among experts. Establish linguistic term step is concerned with assessing probability of occurrence of critical risks. Fuzzy linguistic terms are defined using interviews with fifteen experts. Experts have previous experience of more than twenty years in both real estate development projects, and risk assessment. Experts agreed to have five-point scale which range from Very Low (VL) to Very High (VH) in order to compute probability of occurrence for each risk. Experts were then asked to develop membership function for each linguistic term. Modified horizontal approach with interpolation technique was used to develop membership function (MF). Process of developing MF of input and output variables determines shapes of MF for both input and output variables using modified horizontal approach (Hauptmanns, 1988; Kangari & Riggs, 1989; Khan & Abbasi, 1999; Javid & Seneviratne, 2000; Maria-Sanchez, 2005; Levner et al., 2007; Markowski, Mannan, & Bigoszewska, 2009; Marsh & Fayek, 2010 , Elbarkouky & Fayek, 2011 . Detailed process of constructing membership functions using modified horizontal approach with interpolation is explained in Aboushady (2012).
Conducting qualitative fault tree analysis
This stage assesses basic events fuzzy probability of occurrence resulted from Stage 1, and identifies the minimal cut sets (MCS). Ayyub (2013) defined MCS as "MCS with condition that basic event non-occurrence from this set may result in top event non-occurrence. " To illustrate computation of the MCS using Hauptmanns' (1988) algorithm, Figure 3 illustrates the FT structure that captures the failure of financial system as a top event (TE). TE is connected with three gate events using OR gate which are; increase in interest rate (GE1), increase in Taxes (GE2), and inflation (GE3). Each gate event is connected with a list of basic events. The first stage in qualitative FT analysis to convert FT structure into Boolean matrix abbreviated as (BM), which is composed of 0 and 1 to represent no connection or existing connection, respectively. Table S1 (supplementary material) lists Boolean Matrix (BM) for illustrative example of FT shown in Figure 2 .
The second step involves creating empty matrix known as Working Boolean Matrix abbreviated as (WBM), and begin assessment from top event. Third step contains replacing TE in WBM with basic events (BE) and gate events (GE), known as Connection List (CL).
Relation between BE and TE using OR and AND gates were determined through interviews with fifteen experts, using the indirect method. The consensus among experts was achieved using two-step Delphi Technique. Table S2 (supplementary material) summarizes the steps to conduct the Qualitative FT Analysis.
Fourth step is to go through rows of the WBM to examine connectivity. For instance, Table 2 first row is read as "C, D". BE in a row are connected to another row using Union operator "  ". As such, top event is represented using Equation 1 which is simplified using Equation 2.
Conducting quantitative assessment fault tree
Main aim of performing quantitative FT assessment is to compute TE fuzzy probability of occurrence. This is achieved through assessing BE fuzzy probability of occurrence linguistically by choosing one of linguistic variables presented in Figure 2 . The main steps for performing fuzzy quantitative fault tree analysis are: 1) Use alpha-cut (∝-cut) principle to represent the linguistic variable chosen. 2) Use minimal cut set identified in fuzzy qualitative fault tree to describe fuzzy probability of top event. 3) Perform fuzzy arithmetic operations to convert the "  " and "∩" in the minimal cut set equations (MCS). Verma, Srividya, and Gaonkar (2007) procedure is adopted which is reported by Abdelgawad (2011) to perform analysis. The ∝-cut of fuzzy probability of events connected by an "  " gate is defined using Equation 3 for mutually exclusive events. Whereas, fuzzy probability of events connected by an "∩" is represented by Equation 4.
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It should be noted that S is number of events connected by "∩".
TE fuzzy probability is defuzzified using mean of maximum (MOM) method where MF at ∝ equals 1 represents most confident level. Purpose of calculation of Fuzzy Probability of TE is to determine the percentage of existence of TE if TE occurs. Subsequently, fuzzy importance analysis is performed to identify critical causes using Equation 5 as per Khan and Abbasi (1999) . Fuzzy Probability of TE computed as value of lower bound at ∝ equals 1 plus value of the upper bound at ∝ equals 1 divided by 2. Then, qualitative and quantitative FT S are analysed to suggest most suitable mitigation strategies.
where: TE 1 is the top event fuzzy probability, assuming that all root causes will happen; TE 2 is the top event fuzzy probability, assuming each root cause is eliminated in turn. Upper bound = a + (b -a) · ∝;
F P FM 2 = 71 82 2
Fuzzy importance analysis is conducted following the steps described in quantitative FT analysis section to identify level of contribution of each BE to fuzzy probability of each mitigation strategy failure. Table S5 (supplementary material) lists fuzzy importance analysis for failure of Mitigation Strategies 1 and 2.
Conducting fuzzy event tree analysis
After performing quantitative FT analysis for critical risks, and for mitigation strategies failure, fuzzy ET analysis is performed considering the procedure proposed by (Abdelgawad & Fayek, 2011) . Fuzzy arithmetic operation is used on fuzzy numbers to assess EMV using Equation 13 (Verma et al., 2007) . The section of the case study will further explain mathematically how the crisp value of EMV will be obtained as mentioned in the abstract.
Case study
This case considers the situation in Egyptian Real Estate Construction Industry after the Revolution in 2011. The case study is applied to fifteen real estate construction projects. Table S6 (supplementary material) describes the fifteen Real Estate Development projects participated in the case study. This is accomplished through development of Fuzzy Quantitative Risk Analysis model, considering the following stages:
Stage 1: Perform literature review and interviews using indirect method were conducted with fifteen experts. Experts have previous experience of twenty years in both risk assessment and real estate development projects to identify root causes for each critical risk event exists in
Analyze mitigation strategies
Each identified mitigation strategy is then analysed by considering the failure of mitigation to be the top event, and repeating steps for stages of data collection, qualitative and quantitative fuzzy fault tree (Abdelgawad, 2011) . For example, let us suggest that the real estate projects teams have identified two mitigation strategies: Mitigation Strategy 1 named "Encourage Local and Foreign Investment" and Mitigation Strategy 2 named "Increase the Governmental Revenues". Project team members can investigate each mitigation strategy to detect its causes that leads to failure of mitigation strategies. Figure 3 illustrates fault tree to represent mitigation strategies failure, and fuzzy probability of BE.
Qualitative FT analysis is conducted as described earlier. Table S3 (supplementary material) illustrates the Working Boolean Matrix of the failure of Mitigation Strategies 1 and 2. Subsequently, the minimal cut set equations are developed by converting each row's connection with its related basic event as well as connects basic events with each row using intersection operator "∩". BE in a row are connected to BE in another row using union operator "  ". By conducting this step to all rows in Table 3 , the failure of Mitigation Strategy 1 can be represented using Equation 6. Whereas, the failure of Mitigation Strategy 2 can be represented using Equation 7.
(7) After conducting qualitative FT analysis, quantitative FT analysis is performed using steps defined in the quantitative FT analysis section. Fuzzy probability of failure of F M1 is represented by Equation 8.
where:
∝ are fuzzy probability of BE (A & B) represented using alpha-cut principle. Table S4 (supplementary material) lists the Fuzzy Probability of F M1 , and F M2 using ∝-cut principle. Upper bound and lower bound in Table 4 are assessed using Equations 9 and 10, respectively. Whereas, MOM method is used to defuzzify the fuzzy probability of Mitigation Strategies 1 and 2 using Equations 11 and 12, respectively. real estate development project. Also, interviews were conducted to establish linguistic terms to assess occurrence and it was approved with experts to have five linguistic terms which ranges from Very Low (VL) to Very High (VH). Then, the modified horizontal approach with interpolation technique is used to construct MF. Stage 2: Conduct a qualitative FT Analysis to compute fuzzy probability of BE and to identify MCS.
Stage 3: Conduct a quantitative FT Analysis to assess TE probability.
Stage 4: Perform fuzzy FT analysis for mitigation strategies to determine the failure of selected mitigation strategy to TE.
Stage 5: Perform a Fuzzy ET analysis for each mitigation strategy. After performing a qualitative risk analysis, using Fuzzy Consensus Qualitative Risk Analysis (FC-QRA) Framework, twenty-seven risk events were evaluated and ranked. Using the Perateo Principle 20/80, the highest seven critical risk events that were ranked first in the (FCQRA) were introduced to the Fuzzy Quantitative Risk Analysis model. The proposed output is to determine EMV for risk events participated in case study. The case study is then validated through comparing the selling price per square meter before and after 25 th January 2011 Revolution to draw a complete picture about the current situation of the Egyptian Real Estate Construction Projects. These critical risks are: 1) Loss due to inflation, 2) Currency devaluation, 3) Increase in borrowing interest rate, 4) Decrease in financially credible contractors' existence, 5) Increase in raw materials prices, 6) Increase in labour expenses, and 7) Increase in equipment costs.
Literature review and interviews using indirect method with fifteen experts are performed to determine causes of each critical risk event using the two step Delphi technique. The process of constructing the membership function was presented elsewhere (Marsh & Fayek, 2010) . (14) Experts recommended in interviews using the indirect method and Delphi technique that and F P (F) is Low. Fuzzy probability of events is calculated using Equation: Table 1 To evaluate the results obtained from case study, a comparative study is conducted. Interviews are held using the indirect method with the fifteen experts whom met before. The allowance of mitigation increased due to the political, economic, and social circumstances that the Egyptian Real Estate Sector faced after 25 th Jan 2011 Revolution which had strong impacts on the Egyptian Real Estate sector. Fifteen Real Estate Experts provided a selling price for a Real Estate building before and after revolution based on their projects. The Real Estate building is composed of ten apartments. Each apartment has an area of 150 m 2 . The selling price contains the cost to complete finishes of apartments. After finalizing stages of the Fuzzy Quantitative Risk Analysis Model, EMV was computed for each risk event as percentage of baseline cost. Table 2 lists EMV for each risk, and Fuzzy Probability of Risk Events. To evaluate results obtained from case study, interviews are held using indirect method with fifteen experts. Experts have twenty years of previous experience in both risk assessment, and real estate projects to determine the total construction costs for the Real Estate Building before and after the Egyptian 25 th January 2011 Revolution. The Allowances for Mitigation, which increased due to the political, economic, and social circumstances that the Egyptian Real Estate Sector faced after 25 th January 2011 Revolution, was calculated by multiplying the percentage of EMV for each risk event with total construction costs for the Real Estate Building price to determine the proposed price of the model. Table 3 , the EMV Value was computed by multiplying the percentage of EMV obtained from Table 2 by the total construction cost per square meter. The proposed Model Price was calculated by adding the total construction costs per square meter, the value of EMV per square meter, and the amount of profit and other real estate expenses per square meter. Analysis Model Framework. After that the results were compared with the previously published works of Abdelgawad (2011) , the average percentage error in Abdelgawad (2011) was found to be 13%, while in the proposed model was found to be 6.98%, which gives more reliability in results of proposed model. Based on interviews with fifteen experts in the Egyptian real estate sector, a set of recommendations were made to enhance the Egyptian real estate sector. These recommendations include:
-De-politicize Real Estate system and restructure it into one which reflects market principle. -Innovative financing models should be offered in foreign currency; for example, mortgages coupled with life insurance. -Tax incentives should be increased to encourage housing construction. 
Conclusions

